Background: The incidence of lung cancer among women is high in the highly industrialised area of Teesside in north-east England. Previous research has implicated industrial pollution as a possible cause. A study was undertaken to investigate whether prolonged residence close to heavy industry is associated with lung cancer among women in Teesside. Methods: Two hundred and four women aged ,80 years with incident primary lung cancer and 339 age matched community controls were recruited to a population based case-control study. Life course residential, occupational, and active and passive smoking histories were obtained using an interviewer administered questionnaire. Results: The age adjusted odds ratio (OR) for lung cancer among people living .25 years v 0 years near (within 0-5 km) heavy industry in Teesside was 2.13 (95% CI 1.34 to 3.38). After adjustment for confounding factors the OR was 1.83 (95% CI 0.82 to 4.08) for .25 years or 1.10 (95% CI 0.96 to 1.26) for an additional 10 years living near industry. ORs were similar after residence near heavy industry outside Teesside was also included, and when latency was allowed for by disregarding residential exposures within the last 20 years. Adjustment for active smoking had the greatest effect on the OR. Conclusions: This population based study using life grid interviews for life course exposure assessment has addressed many deficiencies in the design of previous studies. The findings support those in most of the international literature of a modestly raised risk of lung cancer with prolonged residence close to heavy industry, although the confidence intervals were wide. The effect of air pollution on the incidence of lung cancer merits continued study.
W
hile tobacco smoking is accepted as the main causal factor for lung cancer, there is a long standing debate about the contribution of ambient air pollution from industrial, domestic, transport related, or other sources.
Teesside is an area of 360 square miles in the north-east of England with a population of about 464 000. The iron and steel, chemical, and heavy engineering industries expanded rapidly through the 19th and early 20th centuries. 1 By 1945 Billingham on Teesside was the largest single chemical production complex in the world. Houses for the workforce were built as close as possible to the industrial sites, 2 leading to long standing concerns about the effects of industrial air pollution on health. [3] [4] [5] [6] Local ecological studies in the 1960s and 1970s partially supported the hypothesis that industrial air pollution contributed to the causation of lung cancer on Teesside by finding higher lung cancer mortality in urban areas than rural areas. 7 8 However, exposure to air pollution and living close to heavy industry was poorly characterised-for example, exposure status was defined only by place of residence at time of death.
Teesside also has a long standing history of poverty and deprivation. Recent studies [9] [10] [11] found that some urban wards (a UK administrative area with a population of 5000-10 000) of Middlesbrough were among the most deprived with the poorest health in the north-east region, an area with many highly deprived communities. Lung cancer mortality among women from deprived wards in Teesside was particularly high, and the observed excess of deaths from cancers and respiratory diseases was hypothesised as compatible with environmental pollution compounding the effects of deprivation. 10 The stimulus for the current study was the Teesside Environmental Epidemiology Study which compared morbidity and all-cause and cause specific mortality rates for populations from similarly socioeconomically deprived localities. 6 12 13 This study found little evidence that living close to industry was associated with morbidity, birth outcomes, or most measures of mortality. 12 However, it found increased lung cancer mortality in women from communities living close to heavy industry compared with women from similar communities living further from industry on Teesside (directly standardised rate ratio 1.5). 12 13 Community surveys suggested that this increase was not the result of differences in occupational exposure, smoking history, or socioeconomic circumstances. The authors concluded that industrial pollution was a plausible causative factor and recommended further investigation.
Views differ about the prospects for determining whether residential exposure to industrial air pollution causes lung cancer. 14 15 Methodological difficulties include the weak to moderate strength of observed associations, low and declining levels of exposures, difficulties in measuring individual exposures retrospectively, and adjusting for multiple confounding factors. Pending the development of adequate biomarkers of exposure, some authors have argued that well designed case-control studies with improved methods for retrospective assessment of exposure to industrial pollution and potential confounding factors should be used. 14 16 This paper describes the Teesside Lung Cancer Case Control Study (TLCCCS) which investigated whether lung cancer among women on Teesside is associated with prolonged residence close to heavy industry.
METHODS

Study design and subjects
A population based case-control study was undertaken with concurrent sampling of controls. Eligible cases were women aged under 80 years with incident primary malignant lung cancer (adenocarcinoma, squamous cell carcinoma, small cell cancer, large cell cancer, or other malignant lung tumours) and currently resident in the Teesside district. Exclusions included benign lung tumours or tumours of pleural origin; clinical uncertainty over the diagnosis of lung cancer; suspected secondary lung cancer; and if the clinical team considered a woman too unwell to take part.
We aimed to maximise identification and recruitment of eligible cases from the source population. Local clinicians suggested that almost all incident lung cancer cases among Teesside residents would present or be referred to chest physicians at Teesside's two main hospitals where the study was based. Cross checking of cancer registry data with clinical databases and records during a 1 year period confirmed this, with 94% (125/133) of incident female lung cancer cases aged ,80 years on the cancer registry lists under the care of chest physicians at the two hospitals.
The diagnosis of lung cancer was based on symptoms and signs, radiographic evidence, and bronchoscopic findings, supported wherever possible by cytological or histological evidence. Chest physicians and lung cancer nurse specialists at the two hospitals identified incident cases, informed patients about the study, and carried out a preliminary assessment of eligibility and willingness to participate. We informed the family doctor (GP) and, provided their GP did not object, the study's research nurse asked eligible women to take part.
We aimed to recruit two population based controls per case, drawn at random from the Teesside district population as each new case was diagnosed. The sampling frame was people registered with GPs on Teesside (almost all people in the UK are registered with GPs). Exclusion criteria mirrored those for the cases, with the addition that controls with a history of lung cancer were ineligible.
We randomly selected two index controls per case matched by 5 year age group and reserve controls from the same age group. We used reserve controls from the same electoral ward as the index controls to prevent potential selection bias due to differential participation rates between wards. Controls were invited to take part provided their GPs did not object. If the index control was deemed ineligible by her GP, did not want to participate, or did not reply, successive reserve controls were approached until one agreed to participate. We aimed to identify and interview matched controls shortly after each case. However, for practical reasons, towards the end of the study some controls were recruited on the basis of the observed age distribution and later matched to an appropriate case.
Data collection
A research nurse collected data from participants on the exposure of interest and potential confounding factors by a structured interview incorporating a life grid approach-a method for enhancing recall of relevant life events and behaviours by using temporal reference line(s) of significant personal, family, or external dates and events to prompt and structure the recall of the information of interest. 17 18 There is a theoretical justification and some empirical evidence 17 19-22 to suggest that life grid methods aid the process of memory construction, particularly for dating and recall of duration of temporally distant exposures. Such methods have been used in epidemiological studies requiring retrospective recall over long time periods. [23] [24] [25] [26] The life grid interview began with the construction of a timeline of important personal and external events; full residential, occupational, and smoking histories were then constructed with cross checking to dates within the existing timelines. Additional data collection occurred using a structured questionnaire. Data collection began in January 2000 and ended in February 2004.
Exposure assessment
For residential exposure assessment we divided Teesside into three zones based on residential proximity to current and historical distributions of heavy industry (fig 1) . This was guided by a validation study using data from historical records, current or recent routine monitoring data, and air quality surveys carried out for the Teesside Environment Epidemiological Study. 6 Zone A was close to (,5 km) current and historical locations of heavy industry. It encompassed an area close to the river Tees in central and east Middlesbrough, Stockton-on-Tees, the chemical plant complexes at Billingham, Seal Sands and Wilton, and the iron and steel works at Lackenby and Dormanstown. Zone B was intermediate (5-10 km) from heavy industry. Zone C was .10 km from heavy industry and included suburban areas of Middlesbrough and Stockton-on-Tees, and more rural settlements and outlying towns across Teesside. The zone boundaries also incorporated proximity based zones around a large chromium works to the south of Stockton-on-Tees that had been operational since the 1920s.
For all Teesside residences of all subjects we identified a six figure grid reference from current or historical maps (for residences in streets which had been demolished). The grid reference was used to assign each Teesside residence to an exposure zone using a 1:50 000 scale map. Residences outside Teesside were categorised as close to (zone D) or not close to (zone E) heavy industry according to subjects' self-report of whether the house was within a mile (1.6 km) of heavy industrial plant. To check for selection bias, we also identified a grid reference and assigned an exposure zone to current addresses for non-included cases and controls.
Information on lifetime exposure to second hand smoke (SHS) was collected for domestic, workplace, social, and other settings. For domestic exposure we used an approach similar to that suggested by Cummings et al. 27 Information was obtained about duration of co-residence, smoking, and mean numbers smoked for each regular smoker who lived in the same house as the subject and smoked indoors. For workplace exposure to SHS, subjects were asked if they were regularly exposed (defined as >2 hours per week most weeks for >6 months) to people smoking in the workplace throughout their occupational history. If the response was positive, further information was sought on the frequency, intensity, typical daily duration of exposure, and years of exposure. This method has been validated against nicotine levels measured in personal breathing zones. 28 Exposures to SHS through social activities and in other public places were assessed similarly.
Socioeconomic status was assessed using life course measures based on occupation and housing tenure. Occupations were coded to the 1990 Registrar General's classification using standard coding books. 29 30 We also used an area based deprivation index-the Townsend score 11 -which is a composite score based on four census variables using 1991 census data (unemployment, housing tenure, access to car, overcrowding). A higher score indicates a more deprived area.
We assessed occupational exposure by asking subjects if they were heavily exposed to dusts, fumes, or chemicals in any job. Where this was the case or the job was known to have a high risk of exposure to asbestos or other lung carcinogen, the interviewer enquired about the nature, intensity, frequency, and duration of possible exposures and job tasks. In the case of asbestos exposure, the interviewer used a list of local employers/factories with a high risk of exposure to asbestos. Two members of the study team (RE, TPM) blind to the case-control status of the subject independently coded exposures as: no/minimal exposure; possible exposure; probable exposure; or definite exposure to asbestos or other lung cancer carcinogens. Where there were disagreements or uncertainty, these were resolved by discussion or further review of the literature. Exposure measures used in the analysis are available in the online appendix available at http://www.thoraxjnl.com/supplemental.
Power calculation
Assuming 30% of controls were exposed to prolonged residence close to heavy industry, 183 cases with two matched controls per case would provide 80% power to detect an exposure odds ratio (OR) of 1.7.
Analysis of data
Analyses were conducted using Stata version 8.0 (Stata Corporation, College Station, TX, USA). Conditional logistic regression was used to examine the relationship between case-control status and years of residence close to heavy industry after controlling for potential confounding factors. We built up a model for the confounding factors in stages.
Stepwise regression was used to find the best choice of variables and functional forms to describe the active smoking exposure, then occupational exposures (in addition to terms already in the model), and so on to include terms describing socioeconomic variables and finally passive smoking. We considered various functional forms for continuous covariates using fractional polynomial regression. 31 Age was entered as a continuous variable in all models. The best fitting model for smoking included: ever smoker (Y/N), pack years smoked (square root and linear term), and years stopped smoking ( = 0 for current and never smokers). In addition, current marital status, early adult occupational status, and number of years of asbestos exposure were retained in the full models. No other socioeconomic or occupational or SHS exposure variables improved the fit of the model. We then added years lived close to heavy industry to the models, first as a continuous variable and then as categories of approximate tertiles of exposure for residence in zone A (0 years, 1-25 years, .25 years), and the same cut off points for years of residence in zones A or D. To allow for the effect of latency, we refitted models after omitting residence close to industry in the previous 20 years. We tested for interaction between residence close to industry and smoking by adding interaction terms for the categorical variables for years lived close to heavy industry by ever smokers (Y/N). The analysis was repeated using the same models after excluding 21 cases without a confirmed histological or cytological diagnosis.
The prevalence of smoking in our control group was relatively low. We therefore conducted a sensitivity analysis to investigate the effect of varying the prevalence of smoking in the control group on the adjusted OR for living near industry. We increased the prevalence of smoking in the control group by deleting some non-smoking and ex-smoker controls. In order to preserve matched sets this was done in a controlled manner (for example, not deleting controls if there was only one per case) but with a random element. We then refitted the fully adjusted model and calculated the OR for an additional 10 years of residence in zone A. This was repeated many times with varying numbers of deletions to allow the prevalence of smoking among controls to vary between 15% and 25%. 
Ethical issues
Ethical approval for the study was granted by the North and South Tees Research ethics committees. The study protocol was presented to key local stakeholders and all Teesside GPs were informed in writing in advance about the study. Cases and controls were approached only if their GPs (and hospital clinical team for cases) did not object to their participation. All subjects gave their informed consent to taking part in the study.
RESULTS
Numbers and response
We recruited and interviewed 204 cases and 339 controls. Recruitment ended before we reached the target of two controls per case. Table 1 shows the response rates. Refusal among cases was rare (9.5%). The most common reason for not recruiting potentially eligible cases was that the clinical team judged them too weak, frail, or ill to take part. Many died soon after diagnosis. One control subsequently developed lung cancer. She was included as a case and control in line with the concurrent sampling strategy. The median time between the first and last interview in matched sets was 50 days (maximum 317). Table 2 shows the characteristics of potentially eligible cases grouped by recruitment outcome. Included cases were more likely to have histologically or cytologically confirmed lung cancer and were slightly younger than non-included cases. The distribution of current zone of residence and current smoking status was similar between the groups, with no statistically significant differences between the included and non-included cases. ''Refusers'' tended to be from more deprived areas.
Characteristics and representativeness of cases
Characteristics and representativeness of controls
The representativeness of included controls was assessed by comparing them with index controls who, as a random sample, should be representative of the study population weighted to the age distribution of the cases. The included and index controls had similar age distributions (table 3) . The median Townsend scores were slightly lower among the included controls. The distribution of current zone of residence was almost identical.
Smoking data were not available for non-included controls. However, a Health and Lifestyle Survey from Teesside in 2000 32 suggested that smoking prevalence was lower among the TLCCCS included controls than in the source population. The prevalence of smoking in the 2000 Teesside survey and among TLCCCS included controls was 28% v 21% in women aged 45-54 years, 22% v 18% in women aged 55-64 years, and 21% v 13% in those aged 65-74 years. Table 4 compares the distribution of potential confounding variables across cases and controls. Cases were of lower socioeconomic status, were more heavily exposed to passive smoking, asbestos, and other occupational risk factors, and were much more likely to be smokers and less likely to be never smokers. We investigated evidence of recall bias in residential exposure by asking whether subjects believed that living close to heavy industry caused lung cancer, and whether those who believed this reported more years of residence in zone A than other subjects. While cases (62%) were more likely than controls (52%) to believe that living close to heavy industry probably or definitely caused lung cancer, the mean number of years lived in zone A was slightly lower among cases (23.8 v 24.5 years) and controls (16.2 v 18.3 years) with this belief. Recall bias of this type was therefore unlikely. Table 5 shows the distribution of exposure to living close to heavy industry for cases and controls. Teesside has a very stable population: the mean years lived in Teesside was 56.4 and 55.3 years in cases and controls, respectively, and the mean length of time at their current address was 21.0 years for cases and 23.9 years for controls. Table 6 shows the results of the conditional logistic regression analysis. The age adjusted ORs for residence close to heavy industry on Teesside were raised, either by comparing those living in zone A for .25 years with those ÀAdjusted for age at interview, current smoking status (ever/never), pack years smoked, pack years smoked square root, years stopped smoking. As for age and smoking adjusted, with years of possible/probable asbestos exposure, current marital status, and early adult main job manual/non-manual. who had never lived there (OR 2.13, 95% CI 1.34 to 3.38) , or by comparing women who had lived an extra 10 years in zone A (OR 1.14, 95% CI 1.05 to 1.25). These ORs were reduced when terms were added to the model to include smoking and other confounding factors: adjusted OR for living .25 years (v 0 years) in zone A 1.83 (95% CI 0.82 to 4.08) or 1.10 (95% CI 0.96 to 1.26) for an additional 10 years lived in zone A when entered as a continuous variable (linear term). Adjustment for active smoking had the greatest effect on OR estimates. The models using years lived close to heavy industry on Teesside or outside Teesside (zone A/D) and including latency gave similar results (table 6 ). An indication of the goodness of fit of the fully adjusted models is the pseudo r 2 value which was 0.61-0.63. The interaction terms for smoking status and residential exposure categories were not retained in the models.
Comparison of cases and controls
The ORs for lung cancer among people living .25 years in zone A in the analysis restricted to the 183 cases with a histologically or cytologically confirmed diagnosis were slightly lower: 1.88 (95% CI 1.17 to 3.01) for the age adjusted model, 1.64 (95% CI 0.83 to 3.22) for the age and smoking adjusted model, and 1.47 (95% CI 0.69 to 3.10) for the fully adjusted model. There were similar reductions in ORs in the models with years lived in zone A entered as a continuous variable, and in the latency adjusted models and models using years lived in zone A or D as the exposure measure.
Varying the smoking prevalence in the control group for the sensitivity analysis had little effect on the OR. The mean OR across runs was close to the value obtained in our analysis of the full dataset, although the width of the confidence interval increased slightly when the prevalence of smoking was reduced by control deletions.
DISCUSSION
An earlier study had shown an increased risk of lung cancer in those who lived near to heavy industry in Teesside. 12 13 In the current study the age adjusted ORs also suggested a positive association but, after adjusting for life long smoking history, occupational and socioeconomic factors, the strength of the association was reduced and the confidence intervals overlapped the null. The association with living .25 years close to heavy industry was similar if exposure to heavy industry was expanded to that outside Teesside (zones A and D) or if latency was addressed by excluding residential exposure in the last 20 years.
The findings add to existing data and are broadly consistent with most studies summarised in two reviews of the role of industrial air pollution in causing lung cancer. Pershagen 14 in 1990 reported that most ecological studies showed an increased risk of lung cancer among populations living close to non-ferrous smelters and a variety of other heavy industry types. However, he noted that few studies controlled for potential confounders like smoking or employment within heavy industry. Bendetti et al 16 reviewed 10 casecontrol studies in 2001, seven of which found that lung cancer was associated with residential proximity to smelters, complex industrial areas, or localised sources of industrial emissions, and three found little evidence for such an association.
A detailed appraisal of 19 case-control studies in 2004 found nine which broadly supported the hypothesis that there is a weak association (OR generally ,2.0) between lung cancer and living close to heavy industry. 33 There were great variations in study quality. Common deficiencies were: inadequate processes for the identification and validation of cases; inappropriate controls; reliance on exposure data from routine data sources or from proxies among a significant proportion of cases; crude assessment of the exposure of interest (for example, characterising exposure based on place of residence at time of death or diagnosis only); and failure to control for one or more of the main potential confounding factors.
The TLCCCS had important strengths and innovations and addressed many of the best practice recommendations proposed in the 2002 WHO/HEI report for studies investigating the long term effects of air pollution. 34 The findings and novel methodological aspects are an important addition to the literature in this area of research.
Firstly, our study design is a population based study using incident cases and community controls drawn from a population based sampling frame, representative of the source population for cases. The setting was highly suitable to investigate the research question owing to the long history of heavy industry and the variation in exposure to heavy industry within the study area. We collected data directly from subjects, without the use of proxy informants, using life grid interviews-an innovative and rigorous methodology. Participants were blind to the study hypothesis and equivalent methods of data collection were used for cases and controls. We sought evidence for recall bias on residential exposure and found none.
Our exposure assessment included collection of a life long residential history. We defined exposure zones with reference to a historical review of exposure by place over time from a variety of data sources. 6 Detailed life course data were collected on all main potential confounding factors including smoking. Adjustment for potential confounding factors should therefore be less susceptible to measurement imprecision causing non-differential misclassification and hence the possibility of observed associations being attributable to residual confounding. We investigated for dose response and the effect of allowing for latency.
A potential limitation was the large number of ineligible cases and the low response rate among controls. This can introduce selection bias. The former is common in lung cancer case-control studies not using proxy respondents, and the latter in case-control studies recruiting population controls. For example, a recent report from a case-control study of leukaemia in the UK using the same sampling frame and an almost identical method of control recruitment to the TLCCCS also reported a response rate of 47% among controls. 35 The risk of selection bias affecting the estimate of an association through differential participation by place of residence among controls was minimised by using index and reserve controls drawn from the same electoral ward. Furthermore, tables 2 and 3 suggest important selection bias was unlikely as cases and controls were representative of potentially eligible subjects for exposure zone of current residence. It remains possible that participating cases or controls had longer or shorter mean duration of residence in their current zone than non-participating subjects, although there is no reason to believe this should be the case.
Participating cases and controls had slightly lower mean deprivation scores than non-participating cases and all index controls, respectively, and participating controls had a lower smoking prevalence than equivalent age groups in a recent Teesside community survey. Given the association between smoking and both lung cancer and residential history, the latter could introduce bias. However, in the sensitivity analysis, increasing the prevalence of smoking among the controls had little effect on the OR, which suggests that the estimate from the full dataset was not sensitive to plausible variations in the underlying prevalence of current smokers among the controls.
We measured and adjusted for a range of potential confounding factors, although not for co-morbidities such as pulmonary tuberculosis and chronic obstructive airways disease which have been associated with an increased risk of lung cancer in some previous studies. We did not do so, firstly, because of the inconsistency of the results and also because of doubts over the validity of associations found between chronic lung conditions and lung cancer in some studies. Secondly, in the previous Teesside Environmental Epidemiology Study there was no evidence of increased occurrence of respiratory symptoms or death from chronic bronchitis, asthma or tuberculosis in people living in communities closest to heavy industry. 12 Another confounder not assessed was domestic radon gas. This is because Teesside is not a high radon exposure area so it was unlikely to be an important cause of lung cancer among this population.
Finally, some misclassification for the exposure of interest as a result of measurement imprecision is inevitable. Given that participants were blind to the study hypothesis and the lack of evidence for recall bias, this was likely to be nondifferential exposure misclassification and would have resulted in an underestimate of the association between living close to heavy industry and lung cancer.
In conclusion, this population based study using life grid interviews for life course exposure assessment addressed many deficiencies in the design of previous studies. The exposure OR for living close to heavy industry for 25 years or more on Teesside was modestly raised (1.83), although the confidence intervals were wide. These findings support those in much of the international literature of an increased risk of lung cancer with prolonged residence close to heavy industry. The effect of air pollution on the incidence of lung cancer merits continued study.
